Thioredoxin was isolated from a photosynthetic purple nonsulfur bacterium, RhodospiriUum rubrum, and its primary structure was determined by high-performance tandem mass spectrometry. The sequence identity of R. rubrum thioredoxin to Escherichia coli thioredoxin was intermediate to those of the Chlorobium thiosulfatophilum and Chromatium vinosum proteins. The results indicate that R. rubrum has an NADP-thioredoxin system similar to that of other photosynthetic purple bacteria.
in which they undergo reversible reduction and oxidation of the disulfide (S-S±2SH). Depending on the organism, thioredoxins can be reduced enzymatically with either reduced ferredoxin (in oxygenic photosynthesis and fermentation) or NADPH2 (in anoxygenic photosynthesis and heterotrophy) (1, 4) . Thioredoxins appear to play a central role in the regulation of enzymes in oxygenic photosynthesis, but their role in anoxygenic photosynthetic and heterotrophic organisms is not clear (7) .
Thioredoxins have been purified from photosynthetic bacteria (3, 10) , and in two cases, primary structures have been determined by a new method employing fast-atom-bombardment tandem mass spectrometry alone (9) or combined with Edman degradation (12) . The two thioredoxins that have been sequenced are definitely related, but they show significant structural differences. For example, the thioredoxin from the purple sulfur bacterium Chromatium vinosum is more similar to its Escherichia coli counterpart than to thioredoxin from the green sulfur bacterium Chlorobium thiosulfatophilum.
In view of the structural differences in the thioredoxins from the two photosynthetic bacteria studied thus far, it is of interest to examine the amino acid sequence and related properties of thioredoxin from a third major group of these organisms, viz., the purple nonsulfur bacteria. We have, therefore, utilized the new methodology (9) to approach this question and now report that, in relation to E. coli, the sequence identity of Rhodospirillum rubrum thioredoxin is intermediate between those of its C. thiosulfatophilum and Chromatium vinosum counterparts. Certain other features of the R. rubrum thioredoxin system are also described.
R. rubrum S-I thioredoxin was isolated from cells grown photoheterotrophically on malate (2) by the procedure described for C. thiosulfatophilum (12) . Thioredoxin was assayed by measuring its ability to activate NADP-malate dehydrogenase from corn chloroplasts in the presence of dithiothreitol (10) . NADP-thioredoxin reductase (NTR) was assayed by following the reduction of 5,5'-dithiobis(2-nitro-* Corresponding author. Purification and characterization. The purification procedure developed with other photosynthetic bacteria (12) was successfully applied for the isolation of thioredoxin from R. rubrum (Table 1 ). The procedure, carried out with photoheterotrophically grown cells, gave evidence for one thioredoxin which was active in the dithiothreitol-dependent activation of corn NADP-malate dehydrogenase (the assay routinely used to monitor activity), as well as in the NADPH-dependent reduction of 5,5'-dithiobis(2-nitrobenzoic acid) measured in the presence of E. coli NTR. R. rubrum thioredoxin showed no activity in the 5,5'-dithiobis(2-nitrobenzoic acid) reduction assay with the NTR recently identified and purified from spinach leaves (F. J.
Florencio, B. C. Yee, T. C. Johnson, and B. B. Buchanan, unpublished results). Significantly, R. rubrum preparations showed an NTR activity that was separated from thioredoxin on DEAE (DE52)-cellulose or gel filtration columns (10) . The data thus indicate that R. rubrum contained an NADP-thioredoxin system analogous to that of other purple bacteria, i.e., Chromatium vinosum (10) and Rhodobacter sphaeroides (3).
Structural analysis. To determine the primary structure of R. rubrum thioredoxin, four sets of proteolytic peptides were examined: (i) trypsin-digested peptides, (ii) Staphylococcus aureus (V8) protease-digested tryptic peptides isolated by reversed-phase high-pressure liquid chromatography, (iii) S. aureus protease-digested peptides, and (iv) chymotrypsin-digested selected S. aureus protease peptides (Fig. 1) . To confirm independently the finding that the N terminus appeared to be shortened relative to the E. coli thioredoxin sequence (see Fig. 2 ), the intact protein was also subjected to 10 cycles of Edman sequencing. The results agreed with the sequence deduced from the mass spectral data.
R. rubrum thioredoxin was also analyzed by a newly NOTES 2407 devised fragmentation process allowing the differentiation of leucine and isoleucine (9a). Each leucine or isoleucine was differentiated in this manner except for those at positions 21 and 35. When considered in the light of this fragmentation process, further interpretation of the tandem mass spectra of the proteolytic peptides from the thioredoxins of Chromatium vinosum and C. thiosulfatophilum made it possible to differentiate most of their leucines and isoleucines so that only four and five positions, respectively, now remain undifferentiated (see Fig. 2 ).
The amino acid sequence of R. rubrum thioredoxin is shown in Fig. 2 , along with those of the photosynthetic bacteria Chromatium vinosum and C. thiosulfatophilum and the heterotrophic bacterium E. coli. While the total number of amino acids present varied slightly, there were several major sites of strictly conserved homology among the four thioredoxins (with E. coli thioredoxin as the reference): (i) the region preceeding the active site (residues 25, 26, 28, and 29), (ii) the active site (residues 31 to 35), (iii) and two regions following the active site (residues 56, 57, 59, 61, 63, and 64 and residues 70, 71, 73, and 75 to 77). In addition, there were several other points of less extensive conservation (residues 9, 12, 40, 46, 84, 86, 92, 93, and 96). R. rubrum thioredoxin also shared several unique areas of homology with its E. coli and Corynebacterium nephridii (13) counterparts, including a glutamate at position 30, but differed from thioredoxin from other photosynthetic organisms in that position; thioredoxins from Chromatium vinosum and C. thiosulfatophilum contain aspartate and serine at position 30, respectively, whereas cyanobacteria (6, 8) and chloroplasts (11) contain proline. Such diversity among the photosynthetic bacterial thioredoxins at this position was unexpected in view of the suggestion that the amino acid at this site may be related to thioredoxin function (5) . The importance of the amino acid at position 30 to thioredoxin structure and function in the different photosynthetic organisms emerges as an interesting question for the future, especially in view of the overall similarities in the thioredoxin structures. The homology of R. rubrum thioredoxin with that of E. coli (56 to 58%) is intermediate between the homology of Chromatium vinosum thioredoxin with that of E. coli (67 to 69%) and the homology of C. thiosulfatophilum thioredoxin with that of E. coli (44 to 48%). (In calculations of percent homology, the number of E. coli thioredoxin residues was used as the divisor. For a given range of percent homology, the lower value was calculated on the assumption that none of the positions where leucine was indistinguishable from isoleucine match, while the higher value was calculated on the assumption that all of them match.) Such a relationship is in agreement with the phylogenetic analysis deduced from rRNA sequence data (14) .
It is now clear that the primary structures of thioredoxins from three major groups of photosynthetic bacteria (purple sulfur, green sulfur, and purple nonsulfur) show similarities with one another and with the thioredoxin from E. coli. At the same time, the studies have revealed a diversity among the thioredoxins from this group of photosynthetic organisms that has yet to be explained. It is of interest that while the reduction mechanism has been identified as the classical NADP system in the case of the two more-similar thioredoxins (from purple sulfur and purple nonsulfur bacteria), this mechanism remains unknown for the most diverse thioredoxin of this group (from green bacteria).
